Cost-benefit analysis of endovascular treatment compared to open-surgical treatment of cerebral aneurysms in the setting of global economic restrictions is of growing importance. We present our experience with coil embolization and a modified thumb-sized pterional craniotomy for clip ligation of unruptured anterior circulation cerebral aneurysms performed in a major tertiary cerebrovascular center; our experience is then compared to a matched dataset from the Nationwide Inpatient Sample (NIS). In our institutional analysis, all patients were aged 55 years and treated electively for unruptured anterior circulation aneurysms. A matched dataset from the NIS was constructed using patients 55 years with unruptured aneurysms. At our institution, length of stay was half that of NIS for both the surgical clipping group and the endovascular group. Additionally, hospital charges were reduced by one-third for surgical clipping and by approximately one-fourth for endovascular coiling. The cost of clipping vs coiling for unruptured cerebral aneurysms should not undermine the ethics of decision making, but rather should be used as a guide in allocation of hospital resources, manpower and funds. Thumb-sized craniotomies without use of cerebral retractors for clipping provide excellent recovery and show a significant decrease in the postoperative hospital stay as well as a lower cost of hospitalization compared to the national average. High volume centers for treatment of cerebral aneurysms, like ours which is managed by the same neurovascular staff for both treatment options, is an important factor in lowering the length of stay and hospitalization cost.
INTRODUCTION
Healthcare expenditure and treatment allocation are topics of great importance in the current economic and political atmosphere. In the year 2008, $2.4 trillion dollars were spent on healthcare in the United States alone and this number is expected to double by 2018 [1, 2] . Hospital and physician reimbursement schedules will be linked to quality indices, such as procedurerelated complications, length of stay, and hospital readmissions, with the intent of driving down cost. Considering the global economic impact of these changes, it is of great interest to scrutinize diseaserelated treatment options to identify modifications that may improve quality of care and reduce cost while promoting excellence.
The management of cerebral aneurysms is an area heavily influenced by the rapid development of minimally invasive medical technology often associated with large upfront implant expense. The potential lethality of aneurysm rupture however, makes prophylactic treatment in specific circumstances preferable to observation alone. Traditionally, surgical clip ligation was the mainstay for treatment of cerebral aneurysms but since its inception in 1992, endovascular coil embolization has for the most part supplanted clip ligation [1, 3] . The attractiveness of a minimally invasive therapy associated with shorter hospital stay and reduced morbidity have made this technique appealing to the layperson and physician alike [4] [5] [6] . Yet, the upfront implant expense, need for more frequent radiographic follow-up, higher rate of aneurysm recurrence, and the cumulative risk to patients from repeated imaging and retreatments leading to additional hospital costs may minimize or negate any long-term benefits and cost-effectiveness of endovascular therapy. This would be particularly true in patients without medical co-morbidities that would place them at high risk for surgical intervention [4, 5] . Hence, surgical clip ligation remains an important treatment option in the neurovascular portfolio.
Advancements in embolization technology, including coil engineering, glue embolization, and flow diverting stents, have made endovascular treatment of aneurysms safer with lower recurrence rates. However, these technological advancements have not halted progression in surgical modifications to minimize operative trauma aimed at reducing length of hospital stay, surgical morbidity, treatment cost, and improve patient outcome [7] [8] [9] . Many studies have been published comparing patient outcome, aneurysm recurrence, morbidity and mortality, yet few have directly compared hospital cost and length of stay between a less invasive surgical approach and endovascular coil embolization. Here, we present our experience with coil embolization and a modified thumb-sized pterional craniotomy for surgical clip ligation of unruptured anterior circulation cerebral aneurysms performed in a major tertiary cerebrovascular center; our experience is then compared to a matched dataset from the Nationwide Inpatient Sample (NIS).
METHODS

Internal Hospital Review
Retrospective review of patients aged 55 years treated electively for unruptured anterior circulation intracranial aneurysms distal to the ophthalmic segment of the internal carotid artery by a single surgeon during the previous four years (August 2008 -December 2012). This study specifically included patients 55 years of age based on ISUIA reports and only unruptured aneurysms were chosen to isolate costs associated with procedure-related treatment only, because ruptured aneurysms would also include costs associated with management of subarachnoid hemorrhage and its associated side-effects and complications. All patients were admitted to the hospital and treated as an inpatient either with endovascular coil embolization or surgical clip ligation using a minimally invasive thumb-sized (2x4cm) pterional craniotomy for anterior circulation aneurysms and retractorless surgery in all circumstances. Cost information (total charges observed) and length of stay was obtained from our hospital billing department. Data from a single surgeon was analyzed to minimize intersurgeon variability in post-treatment management and because the minimally invasive surgical approach was developed and is employed only by the senior author (EMD) who treats the majority of aneurysms at this institution (>90%).
Treatment Selection
Criteria for selecting patients for either treatment arm were done by the senior author (EMD) who is a dual-fellowship trained cerebrovascular/endovascular neurosurgeon.
Inclusion Criteria
•
Anterior circulation supraclinoid aneurysms (including posterior communicating artery aneurysms coming off the ICA)
• Low risk for general anesthesia with no significant medical co-morbidities
• 55 years of age Patients meeting the above inclusion criteria were offered endovascular coil embolization or surgical clip ligation, with surgery being the more permanent treatment method. Wide-necked aneurysms in these locations in this patient population were also biased towards surgical treatment after the patient was given the options of balloon or stent-assisted coiling associated with an incrementally higher procedural complication rate and long-term (12 weeks) antiplatelet therapy after stent-placement.
Endovascular Coiling
The goal of every endovascular procedure was total occlusion of the aneurysm, Aneurysm Embolization Grade (AEG) = A, with stent-assistance when necessary [10] . Coil insertion was stopped when total occlusion was achieved or the microcatheter kicked out of the aneurysm preventing additional coils from being inserted into the sac. A variety of bare platinum (Penumbra Inc., Alameda CA, MicroVention, Tustin CA, ev3/Covidien, Irvine CA), hydrogel coated (MicroVention, Tustin CA), or nylon-speckled coils (ev3/Covidien, Irvine CA) were used at the discretion of the interventionalist. All patients were pre-medicated with the antiplatelet agents, aspirin 325mg and clopidogrel 75mg orally daily starting seven days prior to the procedure. Aspirin 81mg daily was continued after treatment if no stent was placed, aspirin 325mg and clopidogrel 75mg orally were continued for 12 weeks post-treatment in cases with stent-assistance. All patients were heparinized during the procedure to maintain an ACT 250-350 starting with a 70 Units/kg bolus and checking ACT levels every 20 minutes.
Surgical Clipping
All anterior circulation supraclinoid aneurysms were approached via a modified minimally invasive thumbsized pterional craniotomy with retractorless manipulation of the frontal and temporal lobes. The surgical approach was performed using the standard skin incision for a pterional approach, keeping the incision behind the hairline while avoiding an eyebrow incision. The temporalis muscle is then detached from its fascia performing a subfascial dissection from the undersurface of the myocutaneous flap and the temporalis muscle secured anteriorly and inferiorly to expose the the pterional region. A single temporal 5mm burr-hole is placed at the posterior-most aspect of the planned craniotomy with a 2mm cutting burr and a drill with foot plate is used to remove the thumb-sized craniotomy plate. The pterion is drilled out anteriorly until the lateral aspect of the superior orbital fissure dura is exposed and the orbital bone is drilled down to thin the orbit and improve anterior exposure. Brain relaxation was performed without lumbar drainage, but rather attained by opening arachnoid cisterns in the optico-carotid, interoptic, and carotid-oculomotor cisterns to release cerebrospinal fluid (CSF) and obtain relaxation and open corridors to the vasculature. Additionally, 25-50grams of Mannitol were given at the time of bone flap removal to relax the brain and end tidal pCO2 were kept between 30-35mm Hg.
A subfrontal approach with no sylvian fissure dissection or gyrus rectus resection was used for anterior communicating artery aneurysms; all other aneurysm locations required <1cm Sylivan Fissure dissection. Total Sylvian Fissure exposure was dimesize (1cm x 1cm) and no brain retractors were used for any of the cases. Microinstruments were used to move aside the brain tissue gently and minimally with microdissection as needed through this exposure. A mouthpiece was used on the operating microscope to minimize removal of the surgeon's hands from the operative field so that the side of each instrument could be used gently to maintain corridors to the anterior vasculature, typically required to adjust the positioning of the scope and focus length. Aneurysm secured in standard fashion. For closure, the native dura reapproximated and covered with a synthetic dural substitute. Bone plates secured with metal plates. Temporalis muscle fascia reapproximated and scalp sutured in a standard fashion. All patients received post-operative imaging (MRA and/or CT/CTA) to assess aneurysm obliteration and check for mechanical parenchymal injury.
Post-Treatment Care
All patients independent of clipping or coiling were admitted to our neurosurgical intensive care unit after treatment and mobilized with the nursing staff as soon as sedation or general anesthesia had worn off, typically within 6 hours of extubation. All patients worked with physical and occupational therapy the following day to be assessed for safe discharge to home if there were any concerns by the nursing staff. When the patients met their criteria for discharge: pain controlled with only oral medications, voiding independently, ambulating independently, and tolerating oral food intake, then they were discharged to home.
Nationwide Inpatient Sample (NIS)
The NIS is a hospital discharge database that represents 20% of all inpatient admissions to nonfederal hospitals in the United States. We obtained the NIS database from the Agency for Healthcare Research and Quality's Healthcare Cost and Utilization Project (Rockville, MD). For more information regarding the NIS database, please see http://www.hcupus.ahrq.gov/nisoverview.jsp.
Hospitalizations for clipping or coiling of unruptured cerebral aneurysms from 2008 to 2010 were collected from the NIS by cross-matching the International Classification of Diseases (ICD-9-CM) diagnosis code for an unruptured cerebral aneurysm (437.3) with procedure codes for clipping (39.51) or coiling (39.52, 39.72, or 39.79) of a cerebral aneurysm. The ICD-9-CM codes used for aneurysm clipping and coiling have been previously studied and validated [11] [12] [13] [14] [15] [16] [17] . Only patients under 55 years of age were included, as to age-match the cases with our internal dataset. We excluded patients with "subarachnoid hemorrhage" (ICD-9-CM 430) and "intracerebral hemorrhage" (ICD-9-CM 431).
Statistical Analysis
Data were analyzed using SPSS Version 17 (IBM Corporation, Armonk NY, USA). In comparing total hospital charges across the years, 2008 to 2012, we assumed a 3% annual inflation rate for each year and used the adjusted charges in the statistical analyses. Comparisons were performed using independent samples t-tests and Chi-squared tests, as appropriate. Statistical significance was set at P<.05 for all analyses. and approximately one-fourth for endovascular coiling ($59,463 vs $77,447). Also of note is that surgical clipping cost less than endovascular treatment in our inpatient data, albeit insignificantly with our current sample size, but the costs were almost identical in the NIS ( Table 2) .
RESULTS
Currently
DISCUSSION
Cost-benefit analysis of endovascular treatment compared to open-surgical treatment of cerebral aneurysms in the setting of global economic restrictions is of growing importance. Healthcare spending in the United States is expected to be one-fifth of the gross domestic product (GDP) in 2018 [2] . This study examines the cost-benefit of two treatment options for cerebral aneurysms.
There are few studies that compare the length of stay and hospitalization cost of clipping vs coiling of cerebral aneurysms. Additionally, the small cohort of trials present conflicting results. In 2008 Wolstenhome et al. [18] , compared the length of stay and cost for treating aneurysms with coiling versus clipping using data collected from 22 centers in the UK with a followup of 12-24 months. This study showed that endovascular coiling had a lower cost initially, but incurred greater follow-up expenses that negated any initial cost saving. This result was explained by the coiling group having additional procedures including diagnostic cerebral angiograms and treatment for significant recurrences.
On the other hand Javadpour et al. [19] reported no significant difference in the cost between cerebral aneurysms treated endovascularly vs surgically. The benefit of lower length of stay in the hospital for patients undergoing endovascular coiling was offset by higher procedural costs compared to patients undergoing clipping. In another study of cerebral aneurysms, Bairstow et al. [20] , similarly documented higher procedural costs for endovascular treatment. However, the shorter period of hospitalization and reduction in staffing for patients treated with endovascular coiling not only offset the initial increase in procedural costs, but resulted in lower total charges in comparison to clipping.
Hoh et al. [1] performed an institutional analysis and found that unruptured cerebral aneurysms treated with coiling incurred greater total hospitalization costs, yet a shorter hospital stay in comparison to aneurysms treated with clipping. In another study by the same authors, they examined the NIS database and found conflicting results regarding costs when examined nationally [15] . They found higher hospital costs for clipping in comparison to coiling for both ruptured and unruptured aneurysms.
These findings by Hoh et al. [1, 15] are in agreement with the present analysis. We also document a trend for reduced charges of clipping in comparison to coiling at our single-institution; opposite of the trend observed in the national data from NIS. At our institution we believe this trend is a result of the author's approach for clipping that involves thumbsized craniotomies without brain retractors. This is considered less invasive than the standard approach and prevents many post operative complications and provides a faster recovery. The shorter post-operative length of stay consequently lowers the total hospital charges, in comparison to the national average from NIS.
Our study reasserts the benefit of coiling in terms of decreased hospital stay, in agreement with several of the above mentioned trials [1, [18] [19] [20] . The length of stay is mostly related to patient monitoring postprocedure which tends to be higher in the clipping group due to inherent invasiveness of the procedure. The length of stay is not attributed to differences in complications which have been found to be similar in clipping and coiling with patients less than 50 years of age [4] . We believe the reduced institutional costs for coiling and shorter length of stay at our institution, in comparison to the national averages, are characteristic of any center handling a large volume of endovascular cases for aneurysm treatment owing to standardization and dedicated staff.
Study Limitations
This is a single-center, retrospective study with a relatively small sample size. Treatment was not randomized and could be potential for selection bias. We tried to minimize bias by matching the clipping and coiling groups with only patients under 55 years of age; knowing that advanced age is a contraindication to clipping of an unruptured cerebral aneurysm [4] . Additionally, the true cost difference between coiling and clipping is expected to increase if follow up is included. This is attributable to the higher recurrence rate noted in coiled patients. A prospective randomized multicenter trial that includes the cost of long-term follow-up will better address these limitations and expand the scope of the study.
CONCLUSIONS
The cost of clipping vs coiling for unruptured cerebral aneurysms should not undermine the ethics of decision making, but rather should be used as a guide in allocation of hospital resources, manpower and funds. Even though the cost of coiling in management of unruptured aneurysm was higher than clipping in our analysis, this remains a safe minimally invasive technique with a lower length of hospital stay. Thumbsized craniotomies without use of cerebral retractors for clipping provide excellent recovery and show a significant decrease in the postoperative hospital stay as well as a lower cost of hospitalization compared to the national average. High volume centers for treatment of cerebral aneurysms, like ours which is managed by the same neurovascular staff for both treatment options, is an important factor in lowering the length of stay and hospitalization cost for both coiling and clipping of unruptured cerebral aneurysms.
